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Processing of the VP1/2A Junction Is Not Necessary for Production of
Foot-and-Mouth Disease Virus Empty Capsids and Infectious Viruses:
Characterization of “Self-Tagged” Particles
Maria Gullberg, Charlotta Polacek, Anette Bøtner, Graham J. Belsham
National Veterinary Institute, Technical University of Denmark, Lindholm, Kalvehave, Denmark
The foot-and-mouth disease virus (FMDV) capsid protein precursor, P1-2A, is cleaved by 3Cpro to generate VP0, VP3, VP1, and
the peptide 2A. The capsid proteins self-assemble into empty capsid particles or viruses which do not contain 2A. In a cell cul-
ture-adapted strain of FMDV (O1Manisa [Lindholm]), three different amino acid substitutions (E83K, S134C, and K210E) were
identified within the VP1 region of the P1-2A precursor compared to the field strain (wild type [wt]). Expression of the O1
Manisa P1-2A (wt or with the S134C substitution in VP1) plus 3Cpro, using a transient expression system, resulted in efficient
capsid protein production and self-assembly of empty capsid particles. Removal of the 2A peptide from the capsid protein pre-
cursor had no effect on capsid protein processing or particle assembly. However, modification of E83K alone abrogated particle
assembly with no apparent effect on protein processing. Interestingly, the K210E substitution, close to the VP1/2A junction,
completely blocked processing by 3Cpro at this cleavage site, but efficient assembly of “self-tagged” empty capsid particles, con-
taining the uncleaved VP1-2A, was observed. These self-tagged particles behaved like the unmodified empty capsids in antigen
enzyme-linked immunosorbent assays and integrin receptor binding assays. Furthermore, mutant viruses with uncleaved
VP1-2A could be rescued in cells from full-length FMDV RNA transcripts encoding the K210E substitution in VP1. Thus, cleav-
age of the VP1/2A junction is not essential for virus viability. The production of such engineered self-tagged empty capsid parti-
cles may facilitate their purification for use as diagnostic reagents and vaccines.
Foot-and-mouth disease virus (FMDV), the prototypememberof the Aphthovirus genus within the family Picornaviridae, is a
highly contagious agent infecting cloven-hoofed animals (includ-
ing cattle, pigs, sheep, and goats), and it causes one of the most
economically important animal diseases worldwide (1).
Each FMDV particle contains a single-stranded positive-sense
RNA genome (ca. 8,400 nucleotides [nt]) enclosed by an icosahe-
dral protein shell (capsid) consisting of 60 copies of each of the
four structural proteins VP1, VP2, VP3, andVP4 (2). The surface-
exposed FMDV capsid proteins (all but VP4, which is entirely
internal) play a key role in the antigenic properties of the virus
(e.g., defining the serotype). In addition, the capsid surface has to
interact with various cell surface receptor molecules, such as in-
tegrins and heparan sulfate glycosaminoglycans (for some tissue
culture-adapted variants) (3), prior to cell entry by clathrin- or
caveola-mediated endocytosis (4–8). Following virus entry, the
acidic pHwithin endosomes triggers capsid disassembly, allowing
release of the viral RNA genome into the cytoplasm of the cells
where replication occurs.
Picornavirus genomes contain a single, long open reading
frame (ORF; ca. 7,000 nt for FMDV) encoding a polyprotein
which is rapidly processed by virus-encodedproteases. The overall
organization of the viral polyproteins, with three or four primary
precursor proteins, i.e., a leader (L) protein (in most cases), the
structural proteins (P1 and P1-2A), and nonstructural proteins
(P2 and P3), is shared among different picornaviruses. However,
the sequences flanking the structural protein precursor (at both
the N terminus and C terminus) can be quite diverse between
different members of this virus family. Most picornaviruses (ex-
cept the enteroviruses, e.g., poliovirus) contain an L protein at the
N terminus of the polyprotein, but the functions of these L pro-
teins vary. In the case of the aphthoviruses and the erboviruses, the
L protein is a papain-like cysteine protease which cleaves the L/P1
junction (9–11).
On the C-terminal side of the P1 sequence, the enterovirus 2A
protein is a chymotrypsin-like protease which catalyzes the cleav-
age of the junction between the P1 and P2 precursor (at the
VP1/2A junction) within the polyprotein and also induces the
inhibition of host cell protein synthesis (12, 13). In the case of
the aphtho- and cardioviruses (e.g., encephalomyocarditis virus
[EMCV]), the capsid protein precursor is P1-2A, and a primary
polyprotein cleavage occurs at the 2A/2B junction within a con-
served DvExNPG/P motif. These 2A proteins lack characteristic
protease motifs, and the break in the polyprotein chain, depen-
dent on the 2A sequence, occurs cotranslationally; it may be that
the polypeptide bond between the G and P residues is never made
as a result of ribosome skipping (2, 14). A third type of 2A protein
is encoded by the genome of hepatitis A virus (HAV; within the
Hepatovirus genus). The HAV 2A protein plays an important role
in the virion assembly process, although after assembly it is
cleaved away from the VP1-2A intermediate and is absent from
the mature particle (15–19).
The 2A peptide of FMDV is only 18 amino acids in length, and
it shows a high degree of amino acid similarity to theC terminus of
the much larger cardiovirus 2A proteins (14, 20). As indicated
above, in contrast to the P1 capsid precursor of enteroviruses, the
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capsid precursor of FMDV includes the 2A protein; therefore, it is
called P1-2A. 3Cpro is responsible for processing of the FMDV
P1-2A precursor into VP0, VP3, and VP1 plus 2A. There is evi-
dence that cleavage of the VP1/2A junction is relatively slow com-
pared to that of the other sites within P1-2A that are cleaved by
3Cpro (21, 22), since VP1-2A can still be readily detected after
complete loss of the intact P1-2A andmaximal formation of VP0.
The processed capsid proteins remain associated with each other
(within a protomer) and can associate into pentamers, and then
12 of these can self-assemble into empty capsids. Formation of
mature virus particles requires encapsidation of the viral genome.
During the assembly process, cleavage of VP0 to VP4 and VP2
occurs through an unknownmechanism. It has usually been con-
sidered that the encapsidation of the RNA is the trigger for VP0
cleavage, but several studies have shown that VP0 cleavage occurs
within assembled empty capsids as well (22–24). The function (if
any) of the FMDV 2A within the P1-2A capsid precursor and
during assembly of the capsid proteins is unknown, but a previous
study (25) has indicated that the presence of 2A is not required for
assembly of FMDV pentamers in vitro.
In the enteroviruses and cardioviruses,most of the 3Cpro cleav-
age sites are at glutamine (Gln [Q])/glycine (Gly [G]) amino acid
pairs. The FMDV 3Cpro-mediated processing at the various cleav-
age sites shows greater, but still limited, diversity in the recogni-
tion sequence, and the sequences have either glutamine (Gln [Q])
or glutamate (Glu [E]) at the P1 position (i.e., P1-Gln or P1-Glu)
of the bond to be cleaved (26). The VP1/2A junction for serotype
O and A FMDVs is generally PxKQ/xLNF; thus, it has a Gln resi-
due at the P1 position, which, together with the P4-Pro (P), P2-
Lys (K), and P4=-Phe (F) residues, represent the most important
determinants of 3Cpro specificity at this site (26–28). Studies of
aligned FMDV3Cpro cleavage sequences for over 100 strains of the
virus (including representatives of all seven serotypes) reveal that
sites with P1-Gln have a strong selectivity for P2-Lys, which sug-
gests that recognition of the P1 residue by 3Cpro is influenced by
the residue in position P2 (26).
Several studies have investigated processing of the FMDV
P1-2A precursor by 3Cpro (for examples, see references 21, 29, and
30). Previous reports from our laboratory have described the ex-
pression and properties of P1-2A (both for FMDV serotypeO and
A) in the presence of 3Cpro (22, 31). Using transient expression
assays, the processed FMDV capsid proteins were efficiently and
appropriately produced in BHK cells; the products assembled into
empty capsid particles that could be isolated using sucrose gradi-
ent centrifugation (22). These particles had the ability to bind to
both the FMDV receptor v6 integrin and appropriately to sero-
type-specific anti-FMDV antibodies. We now describe experi-
ments designed to examine the role of the FMDV 2A peptide in
capsid assembly. Neither blocking the removal of the 2A peptide
from the VP1-2A precursor nor deleting 2A entirely resulted in
any apparent effect on empty capsid particle assembly. Thus, the
formation of empty capsid particles containing VP1-2A together
with VP0 andVP3 provided the first evidence for the formation of
“self-tagged” FMDV empty capsids. Furthermore, it is also shown
that FMDVs with an uncleavable VP1/2A junction can be pro-
duced which are infectious in cell culture.
MATERIALS AND METHODS
Viral RNA extraction, cDNA synthesis, PCR, and sequencing. The
FMDV O1 Manisa strain (originally isolated in Turkey in 1969) was ob-
tained in 1994 from The Pirbright Institute (Institute for Animal Health,
UnitedKingdom) after 7 passages in baby hamster kidney (BHK) cells and
then propagated four times in primary bovine kidney cells (referred to as
O1 Manisa [Lindholm] in this paper). Viral RNA was extracted from
infected cell cultures (QIAamp viral RNA minikit; Qiagen) and reverse
transcribed using Ready-To-Go you-prime first-strand beads (GE
Healthcare Life Sciences). cDNA corresponding to the capsid coding re-
gion was amplified in a PCR (Expand high-fidelity PCR system; Roche)
using virus-specific primers (Table 1). The amplicons covering the entire
P1-2A coding region were visualized in agarose gels and purified (Gene-
JET gel extraction kit; Fermentas). The products were sequenced on both
strands with an ABI Genetic Analyzer 3500 (Applied Biosystems) using
BigDye chemistry (ABI Prism BigDye Terminator cycle sequencing ready
reaction kit, version 1.1; Applied Biosystems). Sequences were analyzed
using Vector NTI software (Invitrogen).
Construction of FMDV capsid cDNA expression cassettes. The
FMDV cDNA cassettes used in this study are shown in Fig. 1 and were
prepared by standard methods (32). pGEM-3Z-P1-2A (31), as well as its
derivatives pGEM-3Z-P1-2A-3Cwt, pGEM-3Z-P1-2A-3CC142S, and
pGEM-3Z-P1-2A-IRESgtta3Cwt (22), for both FMDV serotype O and
serotype A have been described elsewhere. For simplicity, the pGEM-3Z-
P1-2A-IRESgtta3Cwt plasmid is referred to here as pGEM-3Z-P1-2A-
mIRES-3C (Fig. 1).
The cDNAs for the P1 (lacking 2A) coding regions were amplified
using FMDV serotype O and serotype A primers (FMDVO_EcoRI_Fw,
FMDVOP1_AscIXmaI_Re, FMDVA_EcoRI_Fw, and FMDVAP1_
AscIBamHI_Re) (31 and Table 1), which included EcoRI and AscI-XmaI
orAscI-BamHI restriction enzyme sites, respectively. These PCRproducts
(2,300 bp) were digested with EcoRI and XmaI or BamHI, respectively,
and inserted into the same sites of pGEM-3Z (Promega), generating
pGEM-3Z-O-P1 and pGEM-3Z-A-P1. The cDNA fragments, including
3Cwt, 3CC142S, andmIRES-3C, were introduced as described previously
(22) to produce the expression plasmids pGEM-3Z-P1-3Cwt, pGEM-3Z-
P1-3CC142S, and pGEM-3Z-P1-mIRES-3C.
The cDNA for the whole P1-2A region from FMDV O1 Manisa
(Lindholm) cDNA was amplified using primers FMDVO_EcoRI_Fw and
FMDVO_AscIXmaI_Re (31), and a pGEM-3Z-O-P1-2ALindholm-
mIRES-3C vector was constructed as described above. The O1 Manisa
sequence used as the wild-type (wt) sequence encodes residue 134 of VP1
TABLE 1 Primers
Primer namea Sequenceb (5=–3=)
1-O PN 3 Fw* AACCACTCAACGGAGAGTGGAA
1-V PN 48 Re* ACTGTACTGTGYRWAGTACTGGGC
8-A PN 51 Fw* CCACAGATCAAGGTGTATGC
1-O PN 20 Re* GACATGTCCTCCTGCATCTG
FMDVOP1_AscIXmaI_Re CTACCCGGGGGCGCGCCTGGGCCCAGGGTTGG
ACTCCACATCTC
FMDVAP1_AscIBamHI_Re CTAGGATCCGGCGCGCCTGGGCCCGGGGTTGG
ACTCAACGTCTCCT
FMDVA_VP1K210E_Fw CCTGCAGAACAACTTTTGAACTTCGATTTGCT
CAAGTTG
FMDVA_VP1K210E_Re AAGTTGTTCTGCAGGTGCAATGATCTTCTGTT
TGTGTCT
FMDVO_VP1E83K_Fw AAGCACAAGGGAAACCTCACCTGGGTCCCGA
ACGGGGCG
FMDVO_VP1E83K_Re GTTTCCCTTGTGCTTCACTGCCACCTCTAAGT
CAGCGAA
FMDVO_VP1C134S_Fw GGGAACAGCAAGTATGGTGACGGCACGGTG
GCCAATGTG
FMDVO_VP1C134S_Re ATACTTGCTGTTCCCGTTGTAAACAGTAGCC
AACACGCG
FMDVO_NheIVP4VP2_Fw CGCTCTGCTAGCCGACAAGAAAACCGAGGAGACC
FMDVO_ApaI2A2B_Re CTACTAGGGCCCAGGGTTGGACTCCACATCTCCC
a Asterisks indicate primers used to amplify parts of the P1-2A coding region of FMDV
O1 Manisa (Lindholm).
b Underlined sequences represent restriction enzyme sites AscI, BamHI, XmaI, NheI,
and ApaI. Nucleotide changes producing amino acid substitutions are shown in
boldface.
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as a Cys (C) rather than the Ser (S) present in the field strain (GenBank
accession no. AY593823). The resulting plasmid, containing the O1
Manisa (Lindholm) cDNA sequence, was then digested with AgeI and
SacI, and the 600-bp fragment was used to replace the corresponding
fragment of pGEM-3Z-O-P1-2A-mIRES-3C to generate pGEM-3Z-O-
P1-2A-mIRES-3C VP1K210E. The QuikChange site-directed mutagene-
sis method (with PfuTurbo DNA polymerase; Stratagene) was used, ac-
cording to the manufacturer’s instructions, with primers containing the
desired mutations (Table 1) to produce the following plasmids with
the indicated substitutions: pGEM-3Z-A-P1-2A-mIRES-3C VP1K210E,
pGEM-3Z-O-P1-2A-mIRES-3CVP1E83K,pGEM-3Z-O-P1-2A-mIRES-3C
VP1C134S, and the double mutant pGEM-3Z-O-P1-2A-mIRES-3C
VP1E83K andVP1K210E.All plasmidswere propagated inEscherichia coli
Top10 cells (Invitrogen), purified (Midiprep kit; Fermentas), and verified
by sequencing.
Transient expression assays. BHK cells (35-mm wells, ca. 90% con-
fluent) were infected with a recombinant vaccinia virus (vTF7-3) that
expresses the bacteriophage T7 RNA polymerase (33) as described previ-
ously (34). After virus adsorption for 1 h at 37°C, the infected cells were
transfected with 2 g of the indicated plasmid DNA using FuGENE 6
(Promega) as described by themanufacturer. At 20 h posttransfection, cell
lysates were prepared using 20mMTris-HCl (pH8.0), 125mMNaCl, and
0.5% NP-40 and clarified by centrifugation at 18,000  g for 10 min at
4°C.
Immunoblot analysis. Immunoblotting was performed according to
standard methods as described previously (31). Briefly, samples were
mixed with Laemmli sample buffer, separated by SDS-PAGE (12.5%
polyacrylamide), and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore). After blocking in 5% nonfat dry milk and 0.1%
Tween 20 in phosphate-buffered saline (PBS), membranes were incu-
bated with primary antibodies diluted in the same buffer. The following
primary antibodies were used: anti-FMDVO1Manisa serum (which rec-
ognizes the capsid proteins), serotype-independent anti-FMDV VP2 4B2
(kindly provided by L. Yu, Harbin, China [35]), anti-2A (ABS31; Milli-
pore), and anti-actin (ab8227; Abcam). Immunoreactive proteins were
visualized using appropriate secondary horseradish peroxidase-conju-
gated antibodies (Dako) and a chemiluminescence detection kit (ECL
Prime; Amersham) with a Chemi-Doc XRS system (Bio-Rad).
Antigen ELISAs. Serotype-specific FMDVantigen enzyme-linked im-
munosorbent assays (ELISAs), for serotype O and A as appropriate, were
performed as described previously (31, 36, 37). Briefly, plates were coated
with serotype-specific rabbit anti-FMDV antisera, and the FMDV antigen
was captured from the samples and then detected using guinea pig anti-
FMDV antisera plus horseradish peroxidase-conjugated anti-guinea pig
antibodies.
The ELISA to detect the presence of the FMDV 2A peptide (while
fused to P1 or VP1) was performed similarly but with the following dif-
ferences. The plates were coated with a serotype-specific guinea pig anti-
FMDV polyclonal antibody as the capture reagent. After blocking with
wash buffer containing 2% bovine serum albumin, the test samples were
added. Detection of the bound FMDV 2A peptide (e.g., as VP1-2A or
P1-2A) was achieved using rabbit anti-2A antibodies (ABS31; Millipore)
diluted in binding buffer and secondary horseradish peroxidase-conju-
gated anti-rabbit antibodies (Dako) diluted in binding buffer containing
5% guinea pig serum.
The ELISA to detect FMDV antigen binding to the human integrin
receptor v6 (38) was performed as described previously (31). Briefly,
plates were coated with purified recombinant human v6 integrin (0.5
g/ml; R&DSystems), the test sampleswere added, and the boundFMDV
antigen was detected using polyclonal guinea pig anti-FMDV antibody
plus rabbit anti-guinea pig Ig conjugated to horseradish peroxidase
(Dako).
FIG 1 Schematic representation of the FMDV genome organization and cDNA expression cassettes for FMDV capsid proteins. Plasmids are based on pGEM-3Z
and possess an ampicillin cassette for selection. The P1-2A, P1-2A-3C, and P1-2A-mIRES-3C FMDV cDNA cassettes have been described elsewhere (22, 31). P1
and P1-2A, capsid precursor proteins; 3C, 3Cpro wt or C142S; mIRES, internal ribosome entry site with the GTTA mutant motif; VP1 K210E, VP1/2A cleavage
sitemutant; ATG, start codon; TGA, stop codon;UTR, untranslated region. The two forms of the L protein, termed Lab and Lb, aremade by translation initiation
at separate AUG codons 84 nt apart.
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Sucrose gradient analysis.Cell extracts from transfected cells (400l
of lysate from one 35-mm well per gradient) were loaded onto 10 to 30%
(wt/vol) sucrose gradients in 40 mM sodium phosphate buffer (pH 7.6)
with 100mMNaCl (buffer P) and centrifuged at 245,000 g in an SW 55
Ti rotor (Beckman Coulter) for 2.5 h at 10°C. Fractions were collected
from the top of the gradient, and viral proteins were detected by the
serotype-specific FMDV antigen ELISA, FMDV 2A-specific ELISA (as de-
scribed above), and immunoblotting (as described above).
Modification of full-length FMDV cDNAs. Plasmids containing the
FMDV O1Kaufbeuren (O1K) cDNA have been described previously (39,
40). The cDNA corresponding to the O1 Manisa VP2-2A coding region
was amplified from pGEM-3Z-O-P1-2A (31) and pGEM-3Z-O-P1-2A-
mIRES-3C VP1K210E (described above) using primers
FMDVO_NheIVP4VP2_Fw and FMDVO_ApaI2A2B_Re (Table 1). The
introduction of the NheI and ApaI restriction enzyme sites in the PCR
primers did not cause amino acid changes in the sequence. The VP2-2A
amplicons (2,000 bp) were digested with NheI and ApaI and inserted
into a similarly digested intermediate plasmid containing the ca. 5-kbp
XbaI fragment from pT7S3 (39) essentially as described previously (40).
The VP3 coding region of FMDV O1 Manisa includes an NheI site; thus,
this insertion was performed in two steps. These plasmids were digested
with XbaI, and the fragments were ligated into the XbaI-digested back-
bone of pT7S3 (39) to generate pO1K/O1Manisawt andpO1K/O1Manisa
VP1K210E containing full-length FMDV cDNAs. The plasmids were
propagated in E. coli, purified, and verified by sequencing as described
above.
Rescue of viruses from full-length FMDV cDNA. The plasmids
pO1K/O1Manisa wt and pO1K/O1Manisa VP1K210E were linearized by
digestion with HpaI, purified (QIAquick PCR purification kit; Qiagen),
and in vitro transcribed using T7 RNA polymerase (Megascript kit; Am-
bion) as described by the manufacturer. The RNAs were analyzed using
agarose gel electrophoresis and then introduced into BHK cells by elec-
troporation as described previously (40, 41). At 2 to 3 days postelectropo-
ration, the viruses were harvested and amplified in one or two subsequent
passages (P2 or P3) in BHK cells. After these passages, viral RNA was
extracted, reverse transcribed, PCR amplified, and sequenced as described
above. Note that control reaction mixtures lacking reverse transcriptase
were used to show that the PCR products obtained were derived from the
viral RNA template. Viral titers were determined, as 50% tissue culture
infectious doses (TCID50), by titration in BHK cells according to standard
procedures (42).
Immunofluorescence assays. Monolayers of BHK cells grown on
glass coverslips in 35-mm-well plates were infected with O1K/O1Manisa
wt or VP1 K210E mutant at a multiplicity of infection (MOI) of 0.1
TCID50/cell. After 4 h, the cells were fixed by incubation in 4% parafor-
maldehyde (in PBS) for 10 min at room temperature, followed by incu-
bation in methanol for 10 min at 20°C. The coverslips were washed
three times in PBS before incubation with blocking buffer (5% horse
serum in PBS) for 1 h at room temperature. The cells were stained with a
primary polyclonal rabbit anti-FMDVO1Manisa antibody or rabbit anti-2A
(ABS31; Millipore), diluted in blocking buffer, for 2 h at room tempera-
ture. Washed coverslips were then incubated with a donkey anti-rabbit
antibody labeled with Alexa Fluor 568 (A10042; Life Technologies) in
blocking buffer for 1 h at room temperature. The slides were mounted
with Vectashield (Vector Labs) containing 4=,6-diamidino-2-phenylin-
dole (DAPI), and images were captured using an epifluorescence micro-
scope.
Immunoblot analysis of FMDV-infected cells. Monolayers of BHK
cells, grown in 35-mm wells, were inoculated with the rescued chimeric
viruses (O1K/O1 Manisa wt and O1K/O1 Manisa VP1K210E) at an MOI
of 0.1 TCID50/cell. Cell lysates were prepared at 2, 4, and 6 h postinfection
and analyzed by immunoblotting using anti-2A antibodies as described
above.
RESULTS
Amino acid variation within the FMDV O1 Manisa P1-2A cap-
sid precursor. Comparison of the published FMDV O1 Manisa
(GenBank accession number AY593823) P1-2A capsid coding se-
quence to that of the O1 Manisa (Lindholm) isolate predicted
three amino acid substitutions within the entire P1-2A capsid pre-
cursor, each within VP1. The changes are E83K, S134C, and
K210E. The predicted amino acid substitutions and their locations
are summarized in Table 2. Residue E83 of VP1 is predicted to be
exposed on the virion surface in the loop connecting the D and
E strands (43, 44) and has been associated with cell culture ad-
aptation in both serotypeOand SAT2 viruses (44, 45). The residue
134 (Ser [S]) is located at the base of the loop connecting G2 and
H strands of the VP1 protein (known as the GH loop) (43, 46).
This loop is surface exposed and contains a major antigenic site
plus the RGDmotif (residues 145 to 147), which is critical for the
integrin receptor recognition. Residue 210 (Lys [K]) is located
close to the C terminus of VP1, i.e., at position P2 within the
VP1/2A cleavage site (KQ/LL). Based on a sequence alignment
and comparison of the VP1/2A junctions from over 100 strains of
FMDV (26, 47), it is apparent that the P2-Lys residue is highly
conserved among FMDV strains. Among the 100 strains com-
pared previously (47), P2-Lys was present in 96 strains, while P2-
Arg (another positively charged residue) was present in 4 serotype
A viruses. Thus, the K210E change, which introduces a negatively
charged amino acid (Glu [E]) in place of a positively charged
amino acid (Lys [K]) at the P2 position in the VP1/2A cleavage
site, had unknown consequences for protein processing.
3Cpro processing of the VP1/2A cleavage site. To examine the
cleavage of the FMDV VP1/2A junction by 3Cpro, the O1 Manisa
P1-2A precursor, either wt or with the VP1 K210E substitution,
was expressed within BHK cells in the presence of the FMDV
3Cpro. Since high-level 3Cpro expression diminishes the yield of
expressed FMDV capsid proteins in this system (31), previously
described P1-2A-3Cwt, P1-2A-3CC142S, and P1-2A-IRESgtta-
3Cwt (here referred to as P1-2A-mIRES-3C) cDNA cassettes (Fig.
1) were used which express different levels of 3Cpro activity (22,
31). In addition, the corresponding cassettes containing P1
(rather than P1-2A) were used to provide markers for the FMDV
proteins lacking the 2A peptide. The expression and processing of
the products generated from these plasmids was visualized in im-
TABLE 2 Predicted amino acid differences between the field FMDV O1
Manisa sequence and FMDV O1 Manisa (Lindholm)a
VP1
residue
Amino acid
Comment(s)
O1
Manisa
O1 Manisa
(Lindholm)
83 E K Surface exposed on capsid,
close to the 5-fold axis;
E83 is conserved (in
FMDV serotype O)
134 S C Surface exposed on capsid
(GH loop)
210 K E At the VP1/2A cleavage site
(P2 position); K210 is
conserved (in FMDV
serotype O)
a The sequence of the FMDV O1 Manisa strain is registered under GenBank accession
number AY593823.
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munoblots using antibodies directed against the FMDV capsid
proteins and against the 2A peptide. Expression of serotype O P1
or P1-2A cDNA cassettes alone led to P1 and P1-2A products of
the expected molecular masses (approximately 85 kDa) (Fig. 2A,
lanes 2 and 3). Note that the small difference in expected size (ca.
2 kDa), due to the presence of the 2A peptide, cannot be detected
within the context of this large molecule. In the presence of 3Cpro,
both P1 and P1-2A were efficiently processed (Fig. 2A, lanes 4 to
9). The products derived from P1-2A were identified as VP0 (ap-
proximately 36 kDa), VP1 (approximately 28 kDa), and VP1-2A
(approximately 30 kDa) (Fig. 2A, lane 9) on the basis of their
calculated molecular masses (33, 23, and 25 kDa, respectively).
These two forms of VP1 indicate incomplete processing at the
VP1/2A junction, i.e., the presence of both the mature VP1 pro-
tein and the VP1-2A precursor. The specific antiserum used does
not detect the VP3 protein (22). As expected, processing of the P1
product by 3Cpro only resulted in the detection of the VP0 and
VP1 products (Fig. 2A, lanes 4, 6, and 8). As expected, the anti-2A
antisera detected VP1-2A and/or P1-2A very efficiently from cas-
settes including P1-2A (Fig. 2B, lanes 3 and 9) but failed to detect
products derived from cassettes containing P1 (Fig. 2B, lanes 2, 4,
and 6), confirming its specificity for 2A. Note that the free 2A
peptide (ca. 2 kDa) was not detected in this immunoblot analysis,
since it will have migrated off these gels.
To test whether the VP1/2A cleavage site including the VP1
K210E substitution could be processed by 3Cpro, the P1-2A-
mIRES-3C VP1 K210E cDNA cassette encoding this modification
was analyzed in the same way. The presence of the K210E substi-
tution within VP1 resulted in a complete block on cleavage of the
VP1/2A junction, since VP0 and VP1-2A were produced but not
VP1 (Fig. 2A and B, lanes 10). In addition, products correspond-
ing to the processing intermediate VP3-VP1-2A were observed.
The mature VP1 protein of serotype O, liberated from the P1 and
P1-2Aprecursors,migratedwith highermobility than theVP1-2A
product generated from the wt P1-2A construct and from the VP1
K210E mutant cassette (Fig. 2A and B, lanes 8, 9, and 10).
Using the serotype A cDNA cassettes, the P1 and P1-2A prod-
ucts were again efficiently produced (Fig. 2C, lanes 2 and 3) and
were processed by 3Cpro, but only the VP0 and the VP1-2A prod-
ucts were detected by this anti-FMDV antiserum (Fig. 2C, lanes 4
to 9) (note that this antiserum was raised against serotype O
FMDV, which may explain its inability to detect the serotype A
VP1). Consistent with the results using the type O cassettes, the
presence of the K210E substitution in the serotype A VP1 en-
hanced the level of VP1-2A detected (Fig. 2C and D, lanes 9 and
10) and also resulted in the accumulation of VP3-VP1-2A (Fig. 2C
and D, lanes 10). Taken together, these results demonstrated that
3Cpro was able to process the wt P1-2A precursor at the VP0/VP3,
VP3/VP1, and VP1/2A junctions in this expression system but the
K210E substitution blocked cleavage of the VP1/2A junction.
Influence of the presence of FMDV2Apeptide on the antige-
nicity and integrin binding activity of FMDV capsid proteins.
The cell lysates used for the immunoblot analyses were also tested
using serotype-specific FMDV-antigen ELISAs (Fig. 3A and D)
FIG 2 Expression and 3Cpro processing of FMDVcapsid protein precursor P1, P1-2A, or P1-2A (VP1K210E). Plasmids containing the FMDV serotypeO (A and
B) or serotype A (C andD) cDNA cassettes were transfected into BHK cells infectedwith recombinant vaccinia virus vTF7-3. Cytoplasmic extracts were prepared
20 h posttransfection and fractionated by SDS-PAGE, followed by transfer to PVDFmembrane and probing with antibodies specific for FMDV capsid proteins
(A and C), FMDV 2A protein (B and D), and -actin (bottom panels). Expression of -actin was used as a control of equal protein loading. The results shown
are representative of two independent experiments. Molecular mass markers (kDa) are indicated in the left margin.
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and an FMDV-2A specific ELISA (Fig. 3B and E). In the serotype-
specific FMDV antigen ELISAs (Fig. 3A and D), the unprocessed
P1-2A protein, as well as the 3Cpro processed products derived
from it, were efficiently detected using anti-FMDV antibodies,
consistent with previous studies (31). Furthermore, very similar
results were obtained from these assays with the cassettes that
express P1 (Fig. 3A and D). In the ELISAs using the anti-2A anti-
bodies (Fig. 3B and E), polypeptides containing 2A were detected
specifically in samples derived from the P1-2A, P1-2A-mIRES-3C,
and P1-2A-mIRES-3C VP1 K210E cassettes. It was apparent that
the highest signals were observed with products containing the
K210E mutant in which the 2A peptide remains fused to VP1. It
can be expected that the signal will be higher for the extracts con-
taining the uncleavable VP1-2A than for extracts in which the 2A
peptide can be removed, but it is not clear why the signal should be
higher than that with extracts containing the unprocessed P1-2A
alone. As expected, no signal was detected using this 2A-specfic
ELISA in extracts derived from the P1-containing cassettes (Fig.
3B and E). Furthermore, no signal indicative of the presence of 2A
was detected from either the P1-2A-3Cwt or P1-2A-3CC142S cas-
sette, consistent with the presence of little or no residual VP1-2A
in these samples, as observed in the immunoblots (Fig. 2B andD).
As described previously (31), both the unprocessed P1-2A and the
fully processed capsid proteins bind to the integrin v6 (Fig. 3C
and F). By using the P1-mIRES-3C and the P1-2A-mIRES3C VP1
K210E cassettes, it was also shown that neither the absence nor the
continued presence of the 2A peptide affected the ability of the
capsid proteins to bind to the integrin receptor (Fig. 3C and F).
FIG 3 Detection of expressed FMDV capsid proteins using serotype-specific anti-FMDV antibodies and anti-2A antibodies. (A to C) Samples were prepared
using serotype O cDNA cassettes as described in the legend to Fig. 2 and analyzed using different anti-FMDV antigen ELISAs as described in Materials and
Methods. FMDVproteins captured by rabbit anti-FMDV antibodies were detected directly with guinea pig anti-FMDV antibodies (A), captured with guinea pig
anti-FMDV antibodies and detected with anti-2A antibodies (B), or captured by the v6 integrin and detected with guinea pig anti-FMDV (C). (D to F)
Similarly, samples were prepared using serotype A cDNA cassettes and analyzed using the different FMDV antigen ELISAs in which antibody-captured FMDV
proteins were detected directly with anti-FMDV antibodies (D) or with anti-2A antibodies (E) or following capture by the v6 integrin and detection with
guinea pig anti-FMDV antibodies (F). The results shown are representative of two independent experiments. Samples were analyzed in the same order as
described in the legend to Fig. 2. Abs, absorbance; AU, absorbance units.
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Cleavage of the VP1/2A junction is not required for the as-
sembly of empty capsid particles. To determine whether capsid
precursors which contained the 2A peptide sequence (due to de-
fective processing of the VP1/2A junction) could form empty cap-
sid particles, proteins expressed from P1-mIRES-3C, P1-2A-
mIRES-3C, and P1-2A-mIRES-3C VP1 K210E cDNA cassettes
were analyzed by sucrose gradient centrifugation. The fractions
were analyzed for the presence of FMDV capsid proteins using
FMDV serotype-specific ELISAs and for the presence of the 2A
peptide sequencewith the 2AELISA (Fig. 4). As determined by the
serotype-specific ELISAs, the major species detected in the frac-
tions were either protomers (Fig. 4, peak at fractions 2 to 4) or
empty capsid particles (Fig. 4, peak at fractions 13 to 16). No
significant differences in the formation of empty capsid particles,
as judged by sedimentation profiles, were observed for the ex-
pressed capsid proteins irrespective of whether the cassettes ex-
pressed P1-mIRES-3C, P1-2A-mIRES-3C, or P1-2A-mIRES-3C
VP1K210E. In extracts from cells transfected with the P1-2A-
mIRES-3C cassette, the empty capsid particles (Fig. 4B andE, peak
at fractions 13 to 16) contained a low level of VP1-2A, as indicated
by the small signal in the 2A-specific ELISA. The presence of the
VP1 K210E substitution resulted in a much higher level of 2A
reactivity in the empty capsid particle fractions (Fig. 4C and F)
without any apparent adverse effect on the formation of the empty
capsid particles. Furthermore, the complete absence of the FMDV
2A peptide had no apparent effect on empty capsid formation,
since very similar profiles of capsid protein assembly were ob-
served with the P1-mIRES-3C and the P1-2A-mIRES-3C cassettes
(Fig. 4A, B, D, and E).
The status of the viral capsid proteins in the initial cell lysates
and also in the protomer and empty capsid particle fractions, ob-
tained following sucrose gradient centrifugation,were analyzed by
immunoblotting (Fig. 5). The VP1-2A polypeptides were clearly
detected (Fig. 5A and B, lanes 7 and 9) both in the cell lysates and
in the empty capsid samples (i.e., fraction 14), demonstrating the
presence of this novel componentwithin empty capsids and show-
FIG 4 Sucrose gradient profiles of fractionated FMDVprotomers and empty capsids formed in cells. BHK cells were transfected as described in the legend to Fig.
2 using the indicated FMDV cDNA cassettes for serotype O (A to C) and serotype A (D to F). Cytoplasmic extracts were prepared 20 h posttransfection and
sedimented through gradients of 10 to 30% sucrose. The locations of protomers and empty capsids are indicated. FMDV proteins from each fraction were
detected using serotype-specific antigen ELISAswhere the antigenwas captured on anti-FMDVantibody-coated plates and detectedwith either serotype-specific
guinea pig anti-FMDV antibodies (solid lines) or anti-2A antibodies (dotted lines) as described in Materials and Methods. AU, absorbance units.
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ing that this protein is stable. As reported previously (22, 23), VP0
is readily detected in the initial cell lysates, but during sucrose
gradient centrifugation a major proportion of the VP0 in the as-
sembled empty capsid particles is cleaved to generate VP2 (and
presumably VP4, although this is not detected in these analyses
due to its small size). In contrast, it is interesting that the protomer
fractions contained VP0 with little or no VP2 being detected (Fig.
5A and B, lanes 8 and 9); thus, it appears that the VP0 cleavage is
dependent on empty capsid assembly.
Influence of S134C and E83K substitutions on capsid assem-
bly. In addition to the K210E change within VP1, which has been
clearly shown to modify capsid processing (Fig. 2 and 5), two
other substitutions in VP1 were identified within the cell culture-
passaged O1 Manisa virus, namely, S134C and E83K (described
above). The effects of these substitutions were also examined in-
dividually using the P1-2A-mIRES-3C cassettes. The presence of
either C134 or S134 in VP1 resulted in the production of protein
products which were indistinguishable from each other (Fig. 6A,
lanes 2 and 6). However, consistently weaker accumulation of the
processed capsid proteins was observed with the E83K mutant
(Fig. 6A, lane 3). As described above, the VP1 K210Emutant pro-
ducedVP1-2A, and significant levels of VP3-VP1-2A also could be
seen (Fig. 6A, lane 4). When a double mutant, VP1 E83K and
K210E, was analyzed, efficient expression of the same proteins, as
observed with the K210E single mutant, was obtained (Fig. 6A,
lane 5).
Cell lysates, as analyzed above by immunoblotting, were frac-
tionated using sucrose gradient centrifugation (Fig. 6B to F), and
the FMDVcapsid proteins and the 2A peptidewere detected in the
fractions by ELISAs. Clear peaks corresponding to unassembled
protomers plus fully assembled empty capsid particles were ob-
served with the wt construct (Fig. 6B), and only a weak signal
corresponding to a low level of the 2A peptide (still fused to VP1)
was observed in the empty capsid peak (fraction 14). The C134S
mutant produced a very similar profile (Fig. 6F). Consistent with
the results shown in Fig. 4D, the VP1 K210E mutant yielded sim-
ilar peaks corresponding to protomers and assembled empty cap-
sids (Fig. 6D), but it also appeared to produce a higher level of
FIG 5 Characterization of FMDV protomers and assembled empty capsids. Aliquots of the whole-cell lysates for serotype O (A to C) and serotype A (D to F),
as well as selected fractions containing protomers (fr. 3) and empty capsids (fr. 14), were analyzed by SDS-PAGE and immunoblotting using antibodies specific
for FMDV capsid proteins (top), 2A alone (middle), or VP2 alone (bottom). The results shown are representative of two independent experiments. Molecular
mass markers (kDa) are indicated in the left margin.
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pentamers (fractions 5 and 6), and a much higher level of 2A was
detected in both the pentamer and empty capsid fractions than in
thewt construct. In contrast, the E83Kmutant generated predom-
inantly protomers (Fig. 6C); however, since the accumulation of
FMDV proteins from this construct was less than that from the
others (Fig. 6A), we also decided to examine this substitution in
the context of the K210E mutation, since the double mutant effi-
ciently produced the expected capsid protein products (Fig. 6A,
lane 5). Like the E83K singlemutant (and in contrast to the K210E
mutant), the E83KK210E doublemutant produced only protom-
ers and pentamers with no significant empty capsid peak (Fig. 6E).
Thus, it appears that the E83K substitution has a strongly delete-
rious effect on empty capsid formation. The lack of empty capsid
formation was also observed with O1 Manisa (Lindholm) P1-2A,
FIG 6 Influence of individual amino acid substitutions within FMDV O1 Manisa VP1 on protein processing and capsid assembly. (A) Cell lysates prepared as
described for Fig. 2 using the indicated plasmids were analyzed by immunoblotting using anti-FMDV (top), anti-2A (middle), and anti--actin (bottom)
antibodies.Molecularmassmarkers (kDa) are indicated. (B to F) Lysates from cells transfectedwith the indicated plasmidswere also analyzed by sucrose gradient
centrifugation. Detection of FMDV proteins (solid lines) and 2A (dotted lines) was achieved by ELISA using anti-FMDV or anti-2A antibodies, respectively, as
described for Fig. 3 and 4. Peaks corresponding to the presence of unassembled protomers and empty capsids are labeled. AU, absorbance units.
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which contains the three different substitutions together in VP1
(data not shown).
Blocking the cleavage of the VP1/2A junction is tolerated
within infectious FMDV. To identify the effect of blocking the
VP1/2A cleavage on FMDV infectivity, the mutation required to
produce the K210E substitution in VP1 was introduced into a
full-length FMDV infectious cDNA clone (Fig. 7A). Chimeric
O1K/O1Manisa cDNAs were prepared that contained the coding
sequences for the surface-exposed capsid proteins (VP2, VP3, and
VP1) and 2A from O1 Manisa in the backbone of the full-length
O1K cDNA (see Materials and Methods). Plasmids containing
both the wt O1 Manisa sequence and the mutant with the K210E
substitution in VP1 were produced. RNA transcripts were pre-
pared by in vitro transcription of the linearized plasmids with T7
RNA polymerase and introduced into BHK cells by electropora-
tion. Viable progeny viruses were recovered from each of the two
RNA transcripts and then passaged twice to amplify the virus. The
wt and K210Emutant virus stocks (at passage 3) had titers of 107.4
and 106.2 TCID50/ml, respectively. This may indicate that the mu-
tant virus is less fit than the wt virus. Indeed, consistent with this
suggestion, rapid reversion of the VP1 K210E substitution has
been observed during virus rescue within a serotype A genetic
background (data not shown). The sequence of the O1 Manisa
capsid coding sequence (VP2-2A) within the rescued viruses was
FIG 7 Rescue of infectious FMDVwith uncleavableVP1-2A. (A) Schematic representation of the structure of FMDVcDNAs. The structure of the pT7S3 plasmid
(39) containing the full-length cDNA of the O1K B64 strain and previously publishedmodifications (40) are shown. The NheI and ApaI restriction enzyme sites
(as indicated) were used as described inMaterials andMethods to introduce FMDVO1Manisa wt andVP1K210E cDNA fragments encoding the capsid proteins
VP2-VP3-VP1-2A. The full-length plasmids were linearized using HpaI prior to RNA transcription and electroporation of cells to rescue the viruses. The
locations of restriction sites used are indicated: ApaI, HpaI, NheI, and XbaI. (B) Immunostaining of uninfected BHK cells or cells infected (MOI of 0.1) with the
rescued FMDVO1K/O1Manisa wt andVP1K210Emutant viruses (3rd-passage virus stocks; note that the K210E virus stock has acquired another change, E83K
within VP1). FMDV proteins within infected cells were detected (4 h postinfection) with an anti-FMDVO1Manisa polyclonal antibody or an anti-2A antibody
and a secondary antibody labeled with Alexa Fluor 568 (red). The cell nuclei were visualized with DAPI (blue). Bar, 50 m. (C) Cell lysates were prepared from
uninfected BHK cells or from cells infected with the rescued FMDV O1K/O1 Manisa wt and VP1 K210E mutant viruses (at 2, 4, and 6 h postinfection) and
analyzed by immunoblotting using anti-2A antibodies. Molecular mass markers (kDa) are indicated.
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determined following production of amplicons by reverse tran-
scription-PCR (RT-PCR). The rescued O1K/O1 Manisa wt virus
retained the complete O1 Manisa VP2-2A coding sequence in its
genome exactly as in the cDNA plasmid after both 2 and 3 pas-
sages. Furthermore, the K210E substitution in the VP1/2A junc-
tion was retained in the rescued O1K/O1 Manisa VP1 K210E vi-
ruses. However, the mutant virus also had acquired a single
additional substitution after 3 passages in BHK cells, i.e., an E83K
substitution within VP1 which had also been identified in the O1
Manisa (Lindholm) isolate.
To examine the presence of uncleaved VP1-2A within FMDV-
infected cells, uninfected and FMDV O1K/O1 Manisa (wt and
K210E)-infected BHK cells were stained with both FMDV sero-
type O-specific and 2A-specific antibodies at 4 h postinfection
(Fig. 7B). No staining was detected with either antibody in unin-
fected cells, as expected. Production of FMDV proteins was de-
tected in cells infected with each of the O1K/O1 Manisa variants.
In contrast, the 2A antigen was readily detected within cells in-
fectedwith theO1K/O1ManisaVP1K210Emutant virus inwhich
the VP1/2A junction is modified but not in cells infected with the
wt O1K/O1 Manisa virus (Fig. 7B). It seems that the free 2A pep-
tide either is not well recognized by the antisera or, more likely, is
rapidly degraded following release from VP1. To confirm the
presence of uncleaved VP1-2A in cells infected with the O1K/O1
Manisa VP1 K210E virus, cell extracts prepared at 2, 4, and 6 h
postinfection were analyzed by immunoblotting using anti-2A
antisera (Fig. 7C). Uncleaved VP1-2A was detected in the samples
from cells infected with the K210E mutant virus but not in the
samples from cells infected with the O1K/O1 Manisa virus. In
similar analyses of cells infected with the O1 Manisa (Lindholm)
virus (including the three amino acid substitutions in VP1), the
presence of uncleaved VP1-2A has also been demonstrated (data
not shown). Thus, these results indicated that VP1/2A cleavage to
release the mature VP1 protein is not required for viability of
FMDV in cell culture.
DISCUSSION
The specificity of the 3Cpro-mediated processing of the FMDV
polyprotein is not completely understood. In contrast to those of
many other picornaviruses, FMDV 3Cpro is able to cleave a variety
of different amino acid junctions; these can be grouped into two
major classes (26), in which cleavage either occurs at a Q/x or an
E/x junction. For these two types of cleavage site, there are partic-
ular preferred residues located at specific positions flanking the
junction. In the present study, we have examined the processing of
the VP1/2A junction (PxK210Q/xLNF) and its implications for
capsid assembly. The results revealed that a P2-Glu (E) residue at
the VP1/2A junction (as in the VP1 K210E mutant) clearly
blocked 3Cpro processing at themodified site, resulting in the per-
sistence of the uncleaved VP1-2A protein. Furthermore, our re-
sults also showed that the VP1-2A proteins from two different
FMDV serotypes (O and A) are able to assemble, together with
VP0 and VP3, into empty capsids, which demonstrates that the C
terminus of VP1 clearly tolerates the extension by 2A. However,
empty capsid particle formation was also observed after coexpres-
sion of the capsid protein precursor completely lacking 2A (i.e.,
P1) together with 3Cpro (P1-mIRES-3C). Thus, the presence of 2A
is not required for capsid assembly (see the discussion of HAV
below), but its presence does not block it. Furthermore, the rescue
of infectious FMDV containing uncleavable VP1-2A demon-
strates that the presence of the 2A peptide in virus particles can
also be tolerated, at least in cell culture. It is interesting that, dur-
ing passage of the rescued K210E mutant virus, a second site sub-
stitution (E83K in VP1) accumulated, and this change had also
been observed, in conjunction with the K210E change, in the O1
Manisa (Lindholm) strain. Earlier studies have suggested that the
E83K change is a cell culture adaptation in both serotype O and
SAT2 viruses (44, 45), which could be consistent with this result. It
is noteworthy that the E83K substitution alone or with the K210E
change resulted in poor empty capsid formation, but clearly these
changes are tolerated within the context of infectious virus. This
suggests that the presence of the viral RNA overcomes the insta-
bility of the capsid particles induced by the E83K substitution;
earlier studies had indicated that the presence of the viral RNA
influences the acid stability of FMDV particles (23).
The two intermediate processing products detected in our sys-
tem, VP3-VP1-2A and VP1-2A, have previously been identified
on the basis of partial processing of the P1-2A precursor in rabbit
reticulocyte lysate programmedwith FMDVO1K transcripts (21).
Earlier results suggested a decreased efficiency of cleavage at the
VP1/2A junction when 3Cpro activity is reduced (22, 31), which
implies that cleavage at this site is a late event during polyprotein
processing of the P1-2A precursor. These data agree with the
model proposed previously (29, 48), wherein P1-2A processing by
3Cpro had the following order of cleavage: VP3/VP1, VP0/VP3,
and VP1/2A. Thus, the processing between VP1 and 2A appeared
to be the slowest of the 3Cpro-mediated cleavageswithin the P1-2A
precursor. In contrast, the VP1/2A cleavage site was found to be
the most rapidly processed protein junction in peptide cleavage
assays using short synthetic substrates spanning eight residues on
either side of all 10 3Cpro cleavage sites (27). However, peptides
corresponding to the VP2/VP3, 2C/3A, 3A/3B1, 3B1/3B2, and
3B2/3B3 junctions were uncleaved under these experimental con-
ditions. Recent studies (25) using FMDV capsid precursor pro-
teins and 3Cpro expressed separately and then incubated together,
in vitro, produced a different result and suggested that the VP3/
VP1 junction was cleaved more slowly than the VP0/VP3 and
VP1/2A junctions. The use of transient expression assay systems
within mammalian cells, as used here, most closely reflects the
environment in which FMDV itself replicates.
It is interesting that blocking the VP1/2A cleavage (as in the
VP1 K210E mutant) leads to the detection of the VP3-VP1-2A
processing intermediate (Fig. 2A and C, lanes 10). This suggests
that the presence of the 2A peptide has adversely affected the rate
of VP3/VP1 cleavage, but it is clearly not a complete block, since
VP1-2A is also made. It is interesting that in earlier studies (21), it
was shown that truncation of P1-2A (removing part of the VP1
sequence) blocked all processing by 3Cpro in vitro.
The results obtained with the K210E mutant confirm that P2-
Lys in the VP1/2A junction is an important determinant of 3Cpro
specificity (27, 28). Previously, replacement of P2-Lys by P2-Ala
had been shown to abrogate VP1/2A cleavage using a peptide
cleavage assay (27). In the same report, P1-Gln replacement with
P1-Glu in the VP1/2A site only reduced the cleavage rate. How-
ever, curiously, mutation to a P2-Thr residue, a residue found in
natural FMDV 3Cpro substrates (i.e., in the VP3/VP1 junction,
also a P1-Gln cleavage site), abrogated cleavage of the VP1/2A
peptide substrate (28). It was suggested that Thr is tolerated at P2
in the VP3/VP1 site only together with the particular amino acids
present at other positions in the peptide substrate. From the stud-
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ies presented here, it appears that the 3Cpro-mediated processing
of the VP1/2A junction is tightly constrained and requires a P2-
Lys at position 210 of the VP1 protein for two different serotypes.
However, it remains to be investigated whether this is generally
true (e.g., in other strains or serotypes) or if other modifications
can alter this requirement.
For HAV, the VP1-2A polypeptide is found together with VP0
and VP3 in pentamer assemblies (19), and a study of deletion
mutants also indicated that the 2Aprotein participates in themor-
phogenesis process (18). However, this most likely is not the case
for FMDV, since empty capsid particles were also formed using
capsid proteins expressed from P1-mIRES-3C cDNA cassettes
lacking the 2Aprotein. Thus, the presence of 2A is not required for
the assembly of empty FMDV capsid particles, which is consistent
with, but also extends, previous observations which showed that
2A was not required for FMDV pentamer assembly (25).
In the crystal structure of FMDVO1 BFS (43, 46), the C termi-
nus of VP1 is located on the external surface of the virus particle,
and residue 211 of VP1 is disordered in the reduced FMDV O1
BFS structure (46). The C-terminal residues (196 to 211) of VP1
form a long arm of surface-exposed residues, and this amino acid
sequence traverses the protomer in a clockwise direction, ending
near the VP1 GH loop of the 5-fold related protomer. Since the
structure is disordered for residue 211 of the VP1 protein (P1-
Gln) and the structure with the 2A protein present has not been
determined, it is difficult to predict how the presence of the 2A
peptide affects the structure. However, based on the results pre-
sented here, the presence of the 2A peptide probably causes min-
imal overall structural disturbance (as described below).
Production of epitope-tagged FMDV particles can allow the
development of improved methods for empty capsid and virus
purification (e.g., for vaccine production), which can facilitate
differentiation between infection and vaccination (DIVA) using
the detection of antibodies against the nonstructural proteins
which are only induced by infection or vaccination with unpuri-
fied vaccines. Previous studies with type C and Asia-1 FMDVs
have shown that it is possible to replace and insert peptides into
the VP1 GH loop (49, 50). More recently, both FLAG and hem-
agglutinin (HA) epitope tags have been inserted into the GH loop
(between residue 155 and 156) of the VP1 capsid protein andwere
shown to generate genetically stable infectious FMDVs (51, 52).
For the first time, we have now shown that it is possible to produce
self-tagged empty capsids for at least two different serotypes of
FMDV, these contain no “foreign” sequences but simply retain
the 2A peptide. Thus, a single amino acid substitution in the VP1
protein (VP1 K210E) introduces 60 copies of the 2A peptide onto
the surface of the icosahedral virus capsid. These empty capsids
with the 2A self-tag maintained their structural integrity, and the
proteins maintained their ability to bind to the integrin v6 (the
main FMDV receptor) (Fig. 3C and F). Furthermore, the 2A-
tagged capsids also bound to anti-FMDV antibodies and to anti-2A
antibodies (Fig. 6D). This fact could be used to facilitate capsid
isolation, and one advantage is that this system could be used for
empty capsids derived from diverse serotypes of the virus. The
maintenance of the usual properties of the empty capsid particles
despite the presence of the 2A peptide sequences is fully consistent
with the rescue of viable viruses containing this same modifica-
tion.
Overall, the findings presented here shed further light on fea-
tures of both theVP1 protein and 2Apeptide as a part of the P1-2A
precursor, as well as the VP1/2A cleavage site. It is apparent that
neither the presence nor the absence of the 2A peptide affects the
assembly of FMDV empty capsid particles; indeed, infectious vi-
rus can tolerate the presence of uncleaved VP1-2A protein. Thus,
this study provides a new strategy to rationally engineer tagged
empty capsids and viruses, which could be of importance for fu-
ture vaccine development.
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